It has been reported that neutrophil extracellular traps (NETs) impair wound healing in diabetes and that inhibiting NET generation (NETosis) improves wound healing in diabetic mice. Gonadotropin-releasing hormone (GnRH) agonists are associated with a greater risk of diabetes. However, the role of GnRH in diabetic wound healing is unclear. We determined whether GnRH-promoted NETosis and induced more severe and delayed diabetic wound healing. A mouse model of diabetes was established using five injections with streptozotocin. Mice with blood glucose levels >250 mg/dL were then used in the experiments. GnRH agonist treatment induced delayed wound healing and increased NETosis at the skin wounds of diabetic mice. In contrast, GnRH antagonist treatment inhibited GnRH agonist-induced delayed wound healing. The expression of NETosis markers PAD4 and citrullinated histone H3 were increased in the GnRH-treated diabetic skin wounds in diabetic mice and patients. In vitro experiments also showed that neutrophils expressed a GnRH receptor and that GnRH agonist treatment increased NETosis markers and promoted phorbol myristate acetate (PMA)-induced NETosis in mouse and human neutrophils. Furthermore, GnRH antagonist treatment suppressed the expression of NETosis markers and PMA-induced NETosis, which were increased by GnRH treatment. These results indicated that GnRH-promoted NETosis and that increased NETosis induced delayed wound healing in diabetic skin wounds. Thus, inhibition of GnRH might be a novel treatment of diabetic foot ulcers.
INTRODUCTION
Diabetes affects~170 million people worldwide, and the number of patients is expected to double by 2030. 1 Diabetic foot ulcers (DFUs) are a major morbidity occurring in 15% of diabetic patients. 2 Wound healing complications in diabetic patients are complex and mediated by many factors, including impaired angiogenesis, 3, 4 decreased growth factor production, 5, 6 reduced cell migration and proliferation, 7 and uncontrolled expression of metalloproteinases (MMPs). 8, 9 Because of the complicated mechanisms involved in DFUs, treatments are not effective, and FDA-approved therapies for DFUs are not routinely used even though protocols for standard care are available.
Recently, studies have reported on the formation of neutrophil extracellular traps (NETs), which appear as web-like structures; NET generation (NETosis) is known as a unique type of cell death of neutrophils and is involved in the pathogenesis of impaired wound healing in diabetic patients. 10 We have previously reported that high glucose levels accelerate phorbol myristate acetate (PMA)-mediated NETosis. We also reported that levels of the PAD4 protein, which is one of the marker for NETosis, were enhanced in neutrophils of diabetic patients and that DNase treatment for digesting NETs improved diabetic wound healing.
In addition, it has been reported that NETosis and pancreatic beta cell destruction are related. 11 Taken together, these results suggest that NETosis is involved in diabetes and delayed diabetic wound healing.
Gonadotropin-releasing hormone (GnRH) is a peptide hormone. This hormone is secreted from the hypothalamus and is responsible for the release of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) from the anterior pituitary gland. The main functions of GnRH are therefore related to the reproductive system. However, the GnRH receptor is expressed in other cells not related to reproductive function, suggesting that GnRH plays other roles in the body.
Indeed, it has been reported that GnRH agonists are associated with a greater risk of diabetes. 12 Neutrophils express the GnRH receptor and participate in diabetes and diabetic wound healing. Therefore, it is important to investigate the possible relationship between GnRH and diabetic wound healing.
No studies have reported the role of GnRH in diabetic wound healing. In the present study, we showed that a GnRH agonist accelerated NETosis and that treatment with GnRH antagonist inhibited this process. Furthermore, we showed that GnRH agonist-treated mice displayed more delayed wound healing than untreated control mice in a model of diabetes and that GnRH antagonist treatment inhibited the impairment resulting from GnRH agonist treatment. These results suggested that GnRH impairs diabetic wound healing and that inhibition of GnRH signaling may be a useful strategy for the treatment of diabetic wound healing.
MATERIALS AND METHODS

Ethics statement
This study was performed according to the Declaration of Helsinki guidelines and was approved by the Ajou University Hospital Institutional Review Board. Informed consent was obtained from the patients.
The protocol for animal use was approved by the Committee for Ethics in Animal Experiments of Ajou University School of Medicine. Mice C57BL/6 mice were housed in an environmentally controlled room with a 12-h/12-h light/dark cycle and free access to laboratory chow and water. Mice at 8-12 weeks of age were used. The protocol for animal use was approved by the Ajou University Medical Science Committee.
Cell line and reagents
The HL-60 cell line was purchased from the Cell Line Service (Eppelheim, Germany) and was grown as monolayer cultures in Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 10% fetal bovine serum, 1% penicillin, and 1% streptomycin. TRIzol reagent was purchased from Invitrogen (Carlsbad, CA).
Induction of diabetes and generation of peripheral wounds in mice A diabetic mouse model, which is induced with streptozotocin (STZ), was used in the first part of the study to demonstrate that NETosis induces delayed diabetic wound healing in mice, 13 and this mouse model of diabetes was widely used to study NETosis under diabetic conditions. 10 Thus, we induced diabetes in mice with STZ. C57BL/6 mice at 8-12 weeks of age were intraperitoneally injected with 40 mg/kg STZ 14 (Sigma-Aldrich, St. Louis, MO, USA) every day for 5 days. Control mice were treated with daily injections of citrate buffer. Serum glucose was measured from mouse tail veins using a glucometer. Once serum glucose levels reached 250 mg/dL, the mice were followed with daily measurements for 1 week prior to use in experiments. Wounds were induced on shaved back skins using 6-mm punch biopsies. Full-thickness skin was removed, exposing the underlying muscle.
Immunohistochemistry for citrullinated histone H3 and PAD4 To compare the expression levels of citrullinated histone H3 and PAD4 between human skin tissues from control subjects without diabetes and patients with diabetes, we performed immunohistochemical staining as described previously with modifications. 15 In brief, skin tissues from control subjects without diabetes and patients with diabetic foot ulcers (DFUs) were collected and embedded in paraffin. The paraffin-embedded skin tissue sections were collected on poly-L-lysine-coated slides. After deparaffinization and rehydration, the slides were incubated with 5% normal goat serum for 1 h and subsequently incubated with primary antibodies against citrullinated histone H3 (1:200; Cell Signaling Technology, Danvers, MA, USA) and PAD4 (1:50, Cell Signaling Technology) overnight, followed by washing three times with phosphate-buffered saline and staining with secondary antibodies for 2 h at room temperature. After washing, the slides were stained with a Liquid DAB + Substrate Kit (GBI labs, Mukilteo, WA, USA).
RNA isolation, complementary DNA synthesis, and quantitative real-time polymerase chain reaction (PCR) Total RNA isolation and first-strand cDNA synthesis were performed as described previously with minor modifications. 16 Briefly, total RNA was isolated from mouse skin samples or neutrophils using TRIzol reagent (Invitrogen). The first strand of complementary DNA was synthesized from 1 μg total RNA using a reverse transcription system (Toyobo, Osaka, Japan). The primer sets for human PAD4, mouse PAD4, human GAPDH, and mouse GAPDH were purchased as QuantiTect primer assays (Qiagen, Hilden, Germany). GAPDH messenger RNA was used as an endogenous control. Real-time PCR was performed using the StepOnePlus real-time PCR system (Thermo Fisher Scientific, Waltham, MA, USA) and a SYBR Green PCR Kit (Toyobo). The amplification program consisted of one cycle at 95°C for 10 min, followed by 45 cycles at 95°C for 20 s, 55°C for 20 s, and 72°C for 20 s.
Western blotting
Western blotting was performed as described previously. 17 Briefly, cells and tissues were collected and lysed with radioimmunoprecipitation assay (RIPA) buffer, containing phosphate and a protease inhibitor cocktail, on ice for 30 min. Following centrifugation at 14,000 × g for 20 min at 4°C, proteins in the supernatants were electrophoresed using 10% polyacrylamide gels and transferred to polyvinylidene fluoride membranes (Pall, NY, USA). The membranes were blocked with 5% skim milk for 1-2 h and then incubated with primary antibodies against citrullinated histone H3, histone H3, or GAPDH (Cell Signaling Technology) overnight. The next day, the membranes were washed and incubated with appropriate horseradish peroxidase-conjugated secondary antibodies. Signals were detected using an ECL kit (Amersham, Piscataway, NJ, USA) and visualized by the Las detection program (Fujifilm, Tokyo, Japan).
Mouse and human neutrophil isolation and NETosis assays Peripheral blood neutrophils were isolated using a mouse neutrophil isolation kit as described in the manufacturer's protocols (Miltenyi Biotech, Bergisch Gladbach, Germany). Human neutrophils were isolated from peripheral blood using an EasySep direct human neutrophil isolation kit (Stem Cell Technologies, Vancouver, Canada). Isolated neutrophils were resuspended in RPMI-1640 medium and stimulated with 100 nM PMA. NETosis assays were performed with a NETosis assay kit (Cayman Chemical, Ann Arbor, MI, USA) using the manufacturer's suggested protocols. This study was reviewed and approved by the appropriate Institutional Review Board (AJIRB-BMR-SMP-17-474).
Electron microscopy Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) of neutrophils were performed. For SEM, neutrophils were grown on coverslips and fixed with 4% paraformaldehyde for 1 h at room temperature. The cells were processed as described previously.
18 TEM was performed as described previously. 19, 20 In brief, neutrophils were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for 1 h on ice, and the cells were washed and dehydrated through a graded ethanol series. The cells were embedded in Spurr's epoxy resin via propylene oxide and sectioned. Ultrathin sections (90 nm) were cut on an Ultracut S microtome (Leica, Wetzlar, Germany) and mounted on 200 mesh Athene thin bar grids. The grids were examined using a transmission electron microscope (EM 902 A, Carl Zeiss, Oberkochen, Germany). Representative pictures are shown from at least three independent experiments.
Statistical analysis Data are presented as the mean ± standard error of mean (SEM), and statistical comparisons between groups were performed using unpaired two-sided t-tests. All experiments were performed at least three times. Differences with * P < 0.05, ** P < 0.005, and *** P < 0.005 were considered statistically significant.
RESULTS
GnRH agonist-induced delayed wound healing in the diabetic mouse model A mouse model of diabetic wound was generated by the intraperitoneal injection of streptozotocin, as described in the Materials and method section; the scheme is illustrated in Fig. 1a .
To determine the role of GnRH in diabetic wound healing, we used a GnRH agonist and/or GnRH antagonist to treat the animals every other day. As shown in Fig. 1b , c, GnRH agonist treatment impaired wound healing compared to vehicle treatment. However, GnRH-induced delayed wound healing was improved by treatment with the GnRH antagonist, suggesting that GnRH caused delayed wound healing and that treatment with the GnRH antagonist inhibited GnRH-induced impaired wound healing. Notably, GnRH antagonist treatment improved diabetic wound healing compared to no treatment, suggesting that GnRH antagonist treatment accelerated wound healing during diabetes.
The GnRH agonist increased NETosis in the mouse model of diabetic wound healing Previous studies have reported that diabetes primes neutrophils to undergo NETosis and that NETosis is involved in impaired wound healing during diabetes. 9 We therefore determined whether GnRH treatment induced neutrophils to undergo NETosis in the wounds of diabetic mice. It is well known that citrullinated histone H3 and PAD4 are markers of NETosis. We detected the levels of citrullinated histone H3 and PAD4 in mouse wound tissues using an immunohistochemical assay. Figure 2a , b show that citrullinated histone H3 levels increased in the GnRH agonisttreated wound samples and that treatment with the GnRH agonist together with the GnRH antagonist decreased the elevated citrullinated histone H3 levels. Consistently, PAD4 expression was also increased in GnRH agonist-treated mouse wounds when compared with that in untreated control and GnRH antagonisttreated wounds. These results suggested that NETosis was involved in the GnRH-induced impairment in wound healing. We also determined the expression levels of citrullinated histone H3, MMP2, and MMP9 using western blotting of mouse wound tissues. Figure 2a , b show that citrullinated histone H3 levels increased in the GnRH-treated wound samples (Fig. 2c) . However, Fig. 1 Gonadotropin-releasing hormone (GnRH) agonist treatment inhibited diabetic wound healing in mice. a The experimental scheme for establishing the mouse model of diabetic wound healing. b Representative photographs of wound healing. c GnRH agonist treatment inhibited wound healing, and GnRH antagonist treatment promoted this process in a mouse model of diabetic wound healing. ** P < 0.005
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MMP2 and MMP9 expression levels were unchanged in the samples, suggesting that GnRH treatment did not affect MMP expression. We performed real-time PCR analysis to determine the transcript levels in mouse wound tissues. The level of PAD4 was increased in the GnRH-treated samples compared to that in control samples. In addition, GnRH antagonist treatment inhibited GnRH agonist-induced PAD4 expression (Fig. 2d) . Together, these results confirmed that GnRH treatment induced NETosis in the skin wounds of diabetic mice.
Expression of NETosis markers and the GnRH receptor increased in human diabetic wounds
We determined the expression levels of citrullinated histone H3 and PAD4 using an immunohistochemical assay of wound samples from diabetic patients. As previously reported, 9 citrullinated histone H3 and PAD4 expression increased in the diabetic wound areas compared with that the normal skin areas (Fig. 3a,  b) . Real-time PCR analysis also revealed that PAD4 expression increased in the wound areas of diabetic patients when compared to that in the normal skin areas, which confirmed the data in humans and mice with diabetes (Fig. 3d) . Notably, western blotting revealed that GnRH receptor expression in the skin wounds from diabetic patients increased when compared to that in normal skin (Fig. 3c) . In addition, we detected the level of the GnRH receptor in human neutrophils. Figure 3e shows that the level of GnRH receptor increased in PMA-stimulated neutrophils, and GnRH agonist-treated PMA-stimulated neutrophils showed increased GnRH receptor expression, and GnRH Fig. 2 Gonadotropin-releasing hormone (GnRH) agonist treatment increased PAD4 expression, a marker of NET generation (NETosis), in a mouse model of diabetic wound healing. Immunohistochemistry for a citrullinated histone H3 and b PAD4 at wound sites in the mouse model of diabetic wound healing. GnRH treatment increased the expression of citrullinated histone H3 and PAD4, which are markers for NETosis, and GnRH antagonist treatment suppressed their expression. c Western blotting of citrullinated histone H3 and GnRH receptor expression in diabetic skin wound tissues. d Real-time polymerase chain reaction analysis for the detection of PAD4 and GnRH receptor mRNA expression levels in diabetic skin wound tissues. Data are from three independent experiments with four mice per group. ** P < 0.005
antagonist-treated neutrophils showed decreased GnRH receptor expression compared with GnRH agonist-treated neutrophils. Citrullinated histone H3 expression levels were also increased in PMA/GnRH agonist-treated neutrophils, suggesting that GnRH agonist treatment induced GnRH receptor expression in neutrophils during NETosis.
The GnRH agonist promoted NETosis in mouse and human neutrophils To determine whether GnRH treatment promoted PMA-induced NETosis, we isolated mouse neutrophils, treated them with PMA/ GnRH agonist and/or GnRH antagonist, and performed scanning electron microscopy (SEM) and transmission electron microscopy Fig. 3 Expression of citrullinated histone H3 and PAD4 in diabetic patient skin samples. Immunohistochemistry for a citrullinated histone H3 and b PAD4 showed that citrullinated histone H3 and PAD4 expression was increased in the diabetic wound areas compared with that in normal skin areas. c Western blotting for the expression of the gonadotropin-releasing hormone (GnRH) receptor, citrullinated histone H3, and MMP9 in normal and diabetic skin wound areas. d Real-time polymerase chain reaction analysis showed that the PAD4 mRNA level was higher in diabetic skin wound areas when compared to that in normal skin areas. e Western blotting using normal human neutrophils. After the neutrophils were isolated from normal human blood, western blotting was performed. The gonadotropin-releasing hormone (GnRH) receptor and citrullinated histone H3 expression increased after GnRH agonist treatment, and GnRH antagonist treatment suppressed this increase in expression. p-ERK and p-P38 levels were detected to confirm the activation of the GnRH signaling pathway. A representative example of three independent experiments is shown. * P < 0.05
(TEM) (Fig. 4a, b) . Untreated neutrophils displayed a normal phenotype, and PMA-treated neutrophils displayed NETosis phenotypes. Furthermore, PMA/GnRH agonist-treated neutrophils exhibited enhanced NETosis, and PMA/GnRH agonist/GnRH antagonist treatment inhibited GnRH-induced accelerated NETosis. Even treatment with the GnRH antagonist inhibited PMAinduced NETosis. We also performed a NETosis assay to confirm the electron microscopy results. Figure 4c shows that PMA treatment induced NETosis, and PMA/GnRH agonist treatment induced more NETosis, while PMA/GnRH agonist/GnRH antagonist treatment inhibited PMA/GnRH-induced NETosis, confirming the results of electron microscopy. Western blotting (Fig. 4d) and realtime PCR experiments (Fig. 4e ) also showed that GnRH treatment increased citrullinated histone H3 and PAD4 expression in PMAinduced mouse neutrophils during NETosis. These results confirmed that GnRH agonist-induced NETosis and GnRH antagonist inhibited this process in isolated mouse neutrophils. We confirmed that GnRH-induced NETosis in human neutrophils. Consistently, SEM and SYTOX Green staining results showed that GnRH agonist treatment promoted PMA-induced NETosis and that GnRH antagonist treatment inhibited PMA/GnRH agonistinduced NETosis (Fig. 5a, b) . The NETosis assay of human neutrophils also showed that GnRH agonist treatment accelerated PMA-induced NETosis (Fig. 5c ) and increased citrullinated histone H3 levels (Fig. 5d ).
Decreased expression of the GnRH receptor impaired GnRHpromoted NETosis in the HL-60 cell line To confirm that GnRH-promoted NETosis occurred through GnRH/ GnRH receptor signaling, we suppressed GnRH receptor expression with GnRH receptor-specific siRNAs to determine whether the effect of GnRH on NETosis could be decreased. Transfection of GnRH receptor-specific siRNAs reduced GnRH receptor expression in the HL-60 cell line (Fig. 6a) , showing that siRNAs efficiently inhibited GnRH receptor expression. Figure 6b shows that citrullinated histone H3 levels did not increase in the GnRH receptor siRNA-transfected cells, suggesting that the GnRHmediated increase in NETosis occurred through the GnRH receptor. Consistently, PAD4 expression levels did not increase in GnRH receptor siRNA-transfected cells (Fig. 6c) , and the NETosis Fig. 4 Gonadotropin-releasing hormone (GnRH) agonist treatment promoted NET generation (NETosis), whereas GnRH antagonist treatment inhibited this process. a Scanning electron microscopy and b transmission electron microscopy of mouse neutrophils. PMA treatment induced NETosis, and phorbol myristate acetate (PMA)/GnRH agonist treatment induced additional NETosis. GnRH antagonist treatment inhibited increased NETosis. c A NETosis assay showed that GnRH treatment increased NETosis and that GnRH antagonist treatment inhibited the increased NETosis in mouse neutrophils. d Western blotting of mouse neutrophils. Phorbol myristate acetate (PMA)/GnRH agonist treatment induced more citrullinated histone H3 and GnRH receptor expression than treatment with PMA alone. e Real-time polymerase chain reaction experiments showed that GnRH agonist treatment increased PAD4 expression and that GnRH antagonist treatment inhibited PAD4 expression in mouse neutrophils. A representative example of three independent experiments is shown. ** P < 0.005 and *** P < 0.0005 assay also showed that the GnRH receptor was necessary for GnRH-promoted NETosis (Fig. 6d) . Taken together, these results indicated that the GnRH/GnRH receptor axis was functionally active in neutrophils and that it was involved in the induction of NETosis.
DISCUSSION
Neutrophils are the most abundant cell type in peripheral blood, and they are the first line of defense against infection. Thus, they play a major role in killing pathogens. In 2004, NETs, weblike structures composed of cytosolic and granule proteins assembled on a scaffold of decondensed chromatin, were discovered 21 and were subsequently shown to neutralize and kill bacteria, 20 fungi, 21 viruses, 22 and parasites. 23 However, uncontrolled NETosis can cause immune-related diseases. 24 Recently, it was suggested that NETosis is involved in delayed wound healing in diabetic patients. 10 The present study showed that NETosis occurred in the wounds of diabetic patients and that inhibition of NETosis improved impaired wound healing in a mouse model of diabetes.
It was reported that GnRH is associated with a greater risk of diabetes. 12 However, the roles of GnRH in impaired wound healing in diabetes and NETosis have not been reported. In the present study, we showed that GnRH promoted increased NETosis, resulting in impaired diabetic wound healing, and that treatment with a GnRH antagonist diminished GnRH-mediated increased NETosis. GnRH does not induce NETosis, but it promotes PMAinduced NETosis, suggesting that GnRH might increase NETosis and exacerbate impaired wound healing during diabetes. Fig. 5 Gonadotropin-releasing hormone (GnRH) agonist promoted NET generation (NETosis) in human primary neutrophils, whereas GnRH antagonist inhibited this process. a Scanning electron microscopy and b SYTOX Green staining showed that phorbol myristate acetate (PMA)/ GnRH agonist treatment accelerated NETosis and that PMA/GnRH antagonist treatment inhibited the increase in NETosis mediated by the GnRH agonist. c The NETosis assay showed that GnRH treatment increased NETosis and that GnRH antagonist treatment inhibited the increase in NETosis in isolated human primary neutrophils. d Western blotting of human primary neutrophils. PMA/GnRH agonist treatment induced more citrullinated histone H3 and GnRH receptor expression than treatment with PMA alone. GnRH antagonist treatment suppressed the GnRH-mediated induction of expression of the GnRH receptor and citrullinated histone H3. A representative example of three independent experiments is shown. ** P < 0.005
GnRH, also known as luteinizing hormone-releasing hormone, is a small peptide hormone of 1.2 kDa. The role of GnRH involves regulation of the neuroendocrine reproductive axis in both males and females. 25 This neuropeptide is synthesized in hypothalamic neurons and stimulates the synthesis and secretion of gonadotropic hormones such as FSH and LH. 26 FSH and LH are released into the blood circulation and affect gonadal steroidogenesis and gametogenesis. 25 However, it is also known that GnRH is expressed in several extrahypothalamic cells and tissues. An unexpected finding was that GnRH is expressed in immune tissues and cells. Analysis of mononuclear cells by real-time PCR analysis revealed that GnRH genes are expressed in human peripheral blood lymphocytes. 27 Furthermore, GnRH receptor expression has been reported in immune-related cells and organs. It was shown that the spleen and thymus have GnRH-binding sites; thus, it is assumed that GnRH might contribute to T cell functions. [28] [29] [30] [31] Even though previous reports have shown that immune cells might respond to GnRH stimulation, we demonstrated for the first time that GnRH stimulated neutrophils to undergo NETosis and that GnRH antagonist treatment inhibited GnRH-induced NETosis and GnRH-mediated impaired wound healing during diabetes.
NETosis is also involved in many other disease conditions, such as autoimmunity, atherosclerosis, and inflammation. 23 Thus, a detailed understanding of NETosis and its control might be effective in treating other NETosis-mediated diseases. Although more detailed studies are necessary to elucidate the effects and mechanisms of GnRH on NETosis and impaired diabetic wound healing, our results suggested that treatment with a GnRH Fig. 6 Decreased expression of the gonadotropin-releasing hormone (GnRH) receptor impaired GnRH-mediated accelerated NET generation (NETosis) in the HL-60 cell line. a Suppression of GnRH receptor expression by GnRH receptor-specific siRNAs inhibited GnRH receptor expression in the HL-60 cell line. b GnRH treatment did not increase the expression of citrullinated histone H3 in the GnRH receptor siRNAtransfected HL-60 cell line. c Real-time polymerase chain reaction analysis showed that the GnRH receptor siRNA-transfected HL-60 cell line did not have increased PAD4 expression. d The NETosis assay. GnRH agonist treatment did not promote GnRH-mediated increased NETosis in GnRH receptor siRNA-transfected HL-60 cells. A representative example of four independent experiments is shown. * P < 0.05, ** P < 0.005 and *** P < 0.0005 antagonist may be effective to inhibit GnRH-promoted NETosis and improve impaired wound healing during diabetes.
The advanced development of tissue regeneration and the discovery of new targeting molecules, which are involved in the pathogenesis of diabetic wound healing, and combination therapies might be necessary for treating intractable diabetic wounds. In this study, we demonstrated that GnRH antagonist treatment inhibited NETosis and promoted diabetic wound healing. These results suggest that GnRH antagonist treatment may be useful for intractable DFUs.
